New semiconductor materials are envisaged in numerous high-performance applications for which the expected device or circuit performances cannot be achieved with silicon. In this context of growing use of new and specific semiconductors, the question of their susceptibility to natural radiation, primarily to atmospheric neutrons, is posed for high-reliability-level application domains. This numerical simulation work precisely examines nuclear events resulting from the interaction of atmospheric neutrons at the terrestrial level with a target layer composed of various group-IV and III-V semiconductor materials including silicon, germanium, silicon carbide, carbon-diamond, gallium arsenide, and gallium nitride materials. Using extensive Geant4 simulations and in-depth data analysis, this study provides an accurate and fine comparison between the neutron interaction responses of these different semiconductors in terms of nuclear processes, recoil products, secondary ion production, and fragment energy distributions. Implications of these results on the rate of single-event transient effects at the device or circuit level are also discussed.
Introduction
Modern electronics and optoelectronics are increasingly based on specific semiconductor materials other than silicon, including some elemental or compound semiconductors like germanium, silicon-germanium, and silicon carbide (group-IV) and III-V alloys [1] . These new materials are attracting strong interest because of their better electronic transport, optical, or high-frequency properties than Si; they can be envisaged in numerous high-performance applications (e.g., "More than Moore" microelectronics and beyond CMOS, extreme environments, high temperatures, or high-speed electronics) for which the expected device or circuit performances cannot be achieved with silicon. In such a context of growing use of new and specific semiconductors, the question of their susceptibility to natural radiation, primarily to atmospheric neutrons at ground level, is posed for high-reliability-level application domains. A special attention should be particularly paid to low-bandgap materials (Ge and most of III-V materials), envisaged as channel replacement for MOSFETs and steep switching tunnel FETs for low voltage application [2] , due to their low ionization energy susceptible to amplify charge generation from sea-level neutron radiation.
Following a methodology previously developed for the study of neutron-silicon interactions [3] , the present work precisely examines nuclear events resulting from the interaction of atmospheric neutrons at the terrestrial level with a target layer composed of Si, Ge, SiC, C (diamond), GaAs, and GaN materials and representative of the whole sensitive volume of a typical integrated circuit. To perform this task, we constructed using the Geant4 toolkit [4, 5] a specific source of atmospheric neutrons and compiled large databases of neutron-semiconductor interaction events corresponding to tens of thousands of nuclear reactions. Details of these simulations and database compilation are given in Section 2. Section 3 presents a detailed analysis of obtained databases in terms of nuclear processes, recoil products, secondary ion production, and fragment energy distributions. Finally, Section 4 discusses the implications of these results on the rate of single-event transient effects at the device or circuit level.
Simulation details

Semiconductor materials
For the purpose of this study, we considered different group-IV and III-V semiconductor materials including silicon, germanium, silicon carbide, carbon-diamond, gallium arsenide, and gallium nitride materials. Table 1 summarizes the main physical and atomic properties of these materials [6] notably in terms of bandgap value, bulk density, average energy for creation of an electron-hole pair and energy threshold to deposit 1.8 fC in the considered material. This last quantity corresponds to a silicon recoil nucleus in silicon material with a kinetic energy of 40 keV, considered in [3] as the lowest deposited charge susceptible to induce a soft error in a bulk 65 nm SRAM memory. For standardization purpose and comparison with results presented in [2] , we adopted here the same lowest deposited charge (1.8 fC corresponds to 11,250 electrons) that leads to E th = 11,250 x E eh . In other words, all neutron-induced products with energies below E th will not be considered in the databases (see paragraph 2.3).
Atmospheric source of neutrons
The different semiconductor materials given in Table 1 have been irradiated with atmospheric neutrons in Geant4 simulations described below (paragraph 2.3) and schematically represented in the inset of Figure 1 . For memory, the interaction of primary cosmic rays with the Earth's top Heights, NY [6] . Inset: Schematic representation of the neutron irradiation simulated using Geant4 in this work. atmosphere is at the origin of atmospheric showers that produce secondary particles down to the sea level. After muons, the next most abundant secondary particles at the sea level are neutrons. High-energy neutrons (typically above 1 MeV) represent by far the main threat to electronics at the ground level because these particles being not charged are very invasive and can penetrate deeply in circuit materials where they can interact with atoms to produce charged products (recoil nuclei or secondary ions).
Neutron process
Energy
Geant4 model Dataset
To emulate the atmospheric neutron source, the differential flux of cosmic-ray induced highenergy neutrons measured by Gordon and Goldhagen et al. in Yorktown Heights [7] has been considered as the reference input spectrum [8] . This distribution, shown in Figure 1 , was imported in the Geant4 general particle source (GPS) library [9] to randomly generate incident neutrons mimicking the natural sea-level neutron background.
Geant4 options, models, and simulation runs
The neutron interaction databases for the different semiconductor materials listed in Table 1 have been computed in this work using Geant4 version 4.9.4 patch 01. The list of physical processes employed in simulation is based on the standard package of physics lists QGSP_ BIC_HP [10] . Concerning the hadronic interactions, in QGSP group of physics lists, the quark gluon string model is applied for high-energy (above ~12 GeV) interactions of protons, neutrons, pions, kaons, and nuclei. The high-energy interaction creates an excited nucleus, which is passed to the precompound model describing the nuclear de-excitation. Nuclear capture of negative particles is simulated within the chiral invariant phase space (CHIPS) model. QGSP_BIC_HP list includes binary cascade for primary protons and neutrons with energies below ~10 GeV and also uses binary light ion cascade for inelastic interaction of ions up to few GeV/nucleons with matter. The complete list of the Geant4 classes that we considered for our neutron simulations is summarized in Table 2 .
For each semiconductor target, a simulation run consists in the generation of 100 millions (10 8 ) of primary incident neutrons on a 20-μm-thick material layer perpendicular to its surface (1 cm All particles characterized by tiny (i.e., insignificant) ionizing properties and thus negligible impact on electronics in terms of electron-pair generation and single events have been excluded from the simulation. Consequently, the computed databases exclude electrons, positrons, gamma photons, pions, and mesons and only contain protons, alpha particles, and ionizing products with Z > 2.
The target dimensions have been chosen to match the typical dimensions of the sensitive volume of an integrated circuit. In particular, the thickness has been fixed to 20 μm because the electrical charge generated by a reaction product beyond 20 μm would not drift or diffuse to the active area (i.e., the sensitive region of the circuit located close to the semiconductor surface) and, consequently, would not play any role in the occurrence of single events.
Simulation results
Main characteristics of the databases
An example of the computed databases is given in Table 3 for a target composed of GaAs material and subjected to atmospheric neutron irradiation. As illustrated in this sample composed of nine events, each neutron-interaction event is described in two or several successive lines: the first line gives the event number, the energy of the incident neutron at the origin of the event, the Cartesian coordinates of the reaction vertex, and the number of secondary products generated; the following lines give for each secondary product the nature of this product, its mass and atomic numbers, its initial energy just after emission/production, and the Cartesian coordinates of its momentum. In the first line of the database sample shown in Table 3 , the event #11369 corresponds to a neutron elastic interaction with an As nucleus of the semiconductor lattice, giving a recoil As with an energy of 58 keV. Table 4 summarizes the main size characteristics of the computed databases for the six semiconductor materials listed in Table 1 and subjected to 100 million of atmospheric neutrons each. Five size parameters (or metrics) are reported in Table 4 to quantify the different databases in terms of neutron-semiconductor interactions: the number (fraction) of elastic and inelastic events, the total number of events, the total number of generated secondary products with energy above the energy threshold E th given in Table 1 , and, finally, the average number of secondary ions produced in the case of inelastic events. Figures 2 and 3 also graphically represent the fractions of elastic and inelastic events and the total number of interaction events and generated secondary products, respectively. All these results lead to the following remarks:
• Silicon exhibits the lowest total number of interaction events, and, except the particular case of carbon-based materials (diamond and SiC), GaN shows the highest event rate with more than 50% of the supplementary events with respect to Si.
• This result can be explained by the fact that neutron nuclear interaction probability with the elements is even higher than the atomic number Z is. This means that the susceptibility of the materials is all the greater as their atomic number is high [11] .
• Diamond shows a very different behavior than the other materials since it is an excellent neutron moderator (better than graphite). This explains the extremely elevated number of elastic events as compared to other materials: ×8 with respect to Ge, ×7 with respect to GaAs, and ×4 with respect to Si.
• Silicon carbide, which can be viewed as a "mixture" of Si and C at the atomic level, shows an intermediate behavior between Si and C with a quasi ×2 number of elastic events due to the presence of C. Figure 2 shows the fraction of elastic and inelastic events for the different semiconductor materials. We can distinguish three different behaviors with low (< 30%, Ge and GaAs), intermediate Table 3 . Sample (nine events) extracted from the computed database corresponding to GaAs target material subjected to atmospheric neutron irradiation.
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(40-60%, Si and GaN), and high (> 60%, C and SiC) elastic event rates; the presence of low-Z elements such as C and N, respectively, in SiC and GaN leads to increase elastic interactions in these last materials with respect to the elastic rates observed for Si and GaAs.
In addition, Figure 3 shows the total number of interaction events (elastic + inelastic) and the total number of secondary products generated in the different targets. For Si, Ge, and GaAs, this last quantity is in the same order of magnitude (with Si < Ge < GaAs that follows the rule that neutron nuclear interaction probability with the elements is even higher than the atomic number is). For GaN and SiC and as previously mentioned, the presence of low-Z elements, C and N, respectively, increases the number of elastic events and indirectly increases the total number of secondary products. Finally, carbon-diamond material dominates this comparison in terms of the number of events/products due to its high power of neutron moderation. Figure 4 shows the number of events as a function of the number of secondary products generated during the different interaction events. We call this last quantity secondary product Table 4 . Main characteristics of the neutron event databases generated for the six semiconductor materials considered in this work. shower multiplicity (M) because each event can be considered at the origin of a shower of ionizing products: a multiplicity of one (i.e., one product emitted) corresponds to elastic events;
Nature of the secondary products
larger multiplicities correspond to the production of two or more secondary products during nuclear reactions.
From Figure 4 , we can formulate the following observations:
• For all targets, the number of reactions monotonously decreases when increasing M. This number of reactions goes to zero above M = 6 for carbon (diamond), M = 10 for silicon, M = 12 for germanium and silicon carbide, M = 13 for gallium nitride, and M = 15 for gallium arsenide.
• For M > 9, the event statistic is therefore relatively weak and may be dependent of the number of incident neutrons. Pushing the statistics beyond 100 million neutrons may give slightly different results for these limits in terms of secondary product shower multiplicity. 
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• Multi-fragment reactions with M ≥ 4 represent a small but non-negligible part of the events for all semiconductors except for diamond: 3.6% for Si, 4.9% for Ge, 4.6% for GaAs, 5.0% for GaN, and 3.2% for SiC against only 2.8% for C. These large multiplicity events are important because they can produce a single event that potentially impacts several sensitive volumes in a component or a circuit. With respect to silicon, Ge, GaAs, and GaN show a slightly higher probability for such large multiplicity events. 6 provide a detailed analysis of the production of these secondary ions, target per target, and as a function of the atomic number of the products. Z is ranging from 1 (proton) to the highest atomic number of the element(s) present in the target material: 6 for carbon, 14 for silicon, 32 for germanium, 31 for GaN, and 33 for GaAs. For the six materials, the most frequent produced secondary particles are the recoil products due to neutron elastic interactions with the nuclei of the semiconductor lattice, followed by protons in the second position and alpha particles in the third one (in the case of compound materials, recoil nuclei concern the two different species: Si and C recoil products for SiC, Gas and As for GaAs, and Ga and N for GaN). All the other products are systematically less produced than these three categories of products.
Figures 5 and
This observation justifies why in the following analysis (paragraph 3.3), all produced particles will be divided in four classes: recoil products, protons, alpha particles, and other products.
Also shown in Figure 5 , beryllium (Z = 4) is the less produced product for silicon target, lithium (Z = 3) for diamond, and fluor (Z = 9) for SiC. Finally, note that in Figure 6 , an axis-break has been introduced because no secondary product is created between Z = 3 and 19 for Ge, between Z = 4 and 22 (except Z = 16 and 19) for GaAs, and between Z = 7 and 21 for GaN. For these large Z elements (31 for Ga, 32 for Ge, and 33 for As), the absence of fragments in these ranges of Z LET and range have been obtained from SRIM [12] simulation using numerical functions developed from a behavioral modeling of SRIM Tables [13] . These generalized functions LET(Z, A, E target) and Range(Z, A, E target) have been written in C++ and allow us to calculate the two quantities for any given ion defined by the triplet (Z, A, E energy) and for the semiconductor targets Si, Ge, C, SiC, GaAs, and GaN.
All histograms shown in Figures 7-10 have been constructed using linear bins with constant bin widths corresponding to the minimum value of the x-axis scale. Curves have been also smoothed in frequency in order to give a more readable aspect to the different distributions. Numerical Simulations in Engineering and Science Figure 7 shows the histograms in energy for recoil nuclei, protons, and alpha particles induced by neutron interactions in the six targets. We note a certain similarity between the curves related to the different materials:
• Recoil products have systematically a distribution peaking at low energies (1 MeV) and ranging between 1 and 30 MeV for C, 1 and 10 MeV for Si and SiC, 1 to 7-8 MeV for GaAs and GaN, and 1 to 5 MeV for Ge. The high limit in energy of recoil nuclei distributions is much lower than the atomic number Z, which is higher.
• Fragments other than protons and alpha particles show a more broaden distribution than that of recoil products, with a maximum close to 1 MeV and ranging up to a few tens of MeV. • Alpha particles show a clear peak distribution ranging from 1 MeV to a few tens of MeV and with a maximum around 7-10 MeV, except for C and SiC (around 3 MeV). Above 10 MeV, alpha particles are the most numerous with protons.
• Protons exhibit a large distribution with a maximum around a few MeV (Si, SiC, C) or 10 MeV (Ge, GaAs, GaN) and with a large tail distribution ranging up to several hundreds of MeV (up to 1 GeV for C). Protons clearly dominate in number from 20 MeV to 1 GeV with respect to all other particles. Figure 8 shows the same data of Figure 7 but expressed in LET. This transformation has the advantage to show the ionizing power of secondary products just after their release at interaction Figure 10 . Histograms in range for recoil nuclei, protons, and alpha particles induced by neutron interactions in silicon carbide, gallium arsenide, and gallium nitride targets.
Numerical Simulations in Engineering and Sciencevertex position. In the same way as observed in Figure 7 , distributions of Figure 8 show similarities from a target to another:
• Heavy products composed of recoil nuclei and fragments other than protons and alpha particles exhibit the highest LET values, in the range 1 to 10 MeV/(mg/cm 2 )).
• Recoil product LET values are distributed following a very sharp (peaked) distribution centered at approximately 3 MeV/(mg/cm 2 )) for all targets.
• Protons, which are the lightest but the more energetic particles, are characterized by the lowest LET values, from 0.01 to a few 0.1 MeV/(mg/cm 2 )).
• Alpha particles exhibit intermediate LET values, with a peak distribution centered in the range 0.1 to a 1 MeV/(mg/cm 2 )).
To complete previous results, Figures 9 and 10 show the range distributions of all products, always partitioned in four classes. On the one hand, recoil and other (heavy) products exhibit the shorter ranges, in the deca-nanometer domain and up to a maximum of a few microns.
On the other hand, light products, i.e., protons and alpha particles, show much longer ranges up to a few hundreds of microns for the most energetic alpha particles and ranges up to a few millimeters for high-energy protons.
From results shown in Figures 8-10 , we can logically conclude that recoil nuclei and heavy fragments other than protons and alpha particles are susceptible to induce single events in a very short range from their emission point and with a relative high efficiency, due to their initial high LET values.
On the contrary, protons and alpha particles are characterized by lower LET values but with longer ranges in the different semiconductor materials. Consequently, they are susceptible to induce single events farther from their emission point than heavy fragments up to distances of hundred microns for alpha particles and several millimeters for protons.
Consequences in terms of electron-hole pair generation and single events
This last paragraph examines the consequences of neutron interactions in the different targets in terms of electron-hole pair generation and fundamental mechanism at the origin of single events in electronics. From the computed databases, we calculated in Figure 11 the total energy deposited by all the secondary products in the different target materials. Although it is a purely theoretical value, this total amount of deposited energy by ionization process is in the range of 10 11 eV for 100 million incident neutrons, which gives an average value in the range of keV per incident neutron, more precisely 1.7 keV for Si, 2.85 keV for Ge, 3.07 keV for C, 2.33 keV for SiC, 2.6 keV for GaAs, and 3.74 keV for GaN. This quantity is found to be minimum for the silicon target and maximum for GaN (Figure 11 ).
Dividing this total energy deposited by all the secondary products by the average energy for creation of an electron-hole pair (given in Table 1 ) gives, for each target material, the upper theoretical limit of the total amount of electron-hole pairs induced by neutrons (via the secondary products). This quantity is shown in Figure 12 for the different target materials. Also, normalized per incident neutron, this corresponds to 472 e-h pairs for Si, 983 for Ge, 256 for C, 299 for SiC, 542 for GaAs, and 420 for GaN. These data show that germanium corresponds to the worst case and diamond (also SiC) to the best case with regard to production mechanisms of single events, Si, GaAs, and GaN being relatively equivalent with respect to this criterion. This result can be for the most part explained by the values of the average energy for creation of an electron-hole pair which is very low for Ge (2.9 eV) and extremely important for C (12 eV).
Conclusion
In this chapter, we presented a detailed study using extensive Geant4 numerical simulation of nuclear events resulting from the interaction of atmospheric neutrons at the terrestrial level with a target layer composed of various group-IV and III-V semiconductor materials including silicon, germanium, silicon carbide, carbon-diamond, gallium arsenide, and gallium nitride materials. The neutron interaction responses of these different semiconductors have been finely compared in terms of nuclear processes, recoil products, secondary ion production, and fragment energy distributions. Our results show that Si exhibits the lowest total number of interaction events and, except the particular case of carbon-based materials (diamond and SiC), GaN shows the highest event rate with more than 50% of the supplementary events with respect to Si. Diamond shows a very different behavior than the other materials (our simulation results show a particularly elevated number of elastic events for diamond as compared to other materials) since it is an excellent neutron moderator. For silicon carbide, which can be viewed as a "mixture" of Si and C at the atomic level, it shows an intermediate behavior between Si and C with a number of elastic events quasi ×2 with respect to Si due to the presence of C. Concerning the fraction of elastic and inelastic events, three different behaviors can be highlighted: low (< 30%, Ge and GaAs), intermediate (40-60%, Si and GaN), and high (> 60%, C and SiC) elastic event rates; the presence of low-Z elements such as C and N, respectively, in SiC and GaN leads to increase elastic interactions in these last materials with respect to the elastic rates observed for Si and GaAs. For Si, Ge, and GaAs, the total number of generated secondary products is in the same order of magnitude (with Si < Ge < GaAs). For GaN and SiC, the presence of low-Z elements increases the number of elastic events and indirectly increases the total number of secondary products. Carbon-diamond shows the highest number of events/products due to its high power of neutron moderation. Concerning the nature of the secondary products, our simulations show that, for the six materials, the most frequent produced secondary particles are the recoil products due to neutron elastic interactions with the nuclei of the semiconductor lattice, followed by protons in the second position and alpha particles in the third one. All the other products are systematically less produced than these three categories of products. A detailed analysis of the secondary ions produced during neutron interactions in the different target materials in terms of initial energy (when products are released), linear energy transfer (LET), and range in the target material has been also conducted. Recoil nuclei and heavy fragments have been shown to be susceptible to induce single events in a very short range from their emission point and with a relative high efficiency, due to their initial high LET values. On the contrary, protons and alpha particles, characterized by lower LET values but longer ranges in the different semiconductor materials, are susceptible to induce single events farther from their emission point than heavy fragments up to distances of hundred microns for alpha particles and several millimeters for protons. Finally, the consequences of neutron interactions in the different targets in terms of electron-hole pair generation, a fundamental mechanism at the origin of single events in electronics, have been examined. Our results show that germanium corresponds to the worst case and diamond (also SiC) to the best case with regard to e-h pair production, Si, GaAs, and GaN being relatively equivalent and of intermediate behavior with respect to this criterion.
